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Abstract 
Energy demand and emissions of greenhouse gases are increasing. The use of renewable 
energy such as solar energy, hydro power and wind power can help mitigate further emissions. 
Transparent conducting oxides (TCO’s) are an important class of materials of relevance for 
renewable energy. ZnO and SnO2 are well-known n-type TCO materials that are good 
candidates to replace the commonly used Sn-doped In2O3 (ITO). Delafossite type oxides, 
CuMO2, are potential candidates as p-type TCO materials. By realization and combination of 
n- and p- type transparent oxides into p-n junctions one will enable the fabrication of 
transparent solar cells and transparent transistors that can lead to functionalization of already 
available surfaces, such as windows etc.  
 
This study has investigated the deposition of a selection of different materials suitable as 
TCO’s. The selection comprises the materials ZnO, SnO2, CuO, Cu-Al-O and Cu-Y-O, which 
has been deposited using Atomic Layer Deposition (ALD). CuO was deposited as a critical 
step to enable growth of films in the Cu-M-O system (M=Al/Y). 
The work related to deposition of ZnO focused on the purity of the precursors used and 
whether they were a source for impurities in the resulting film, especially with respect to Al 
content. It was seen that the precursors might lead to Al doping in the film and that this level 
might not be easily controlled if the purity grade of the precursor is not sufficiently high. 
Related to this work, the heterojunction between the film and Si substrate was studied. This is 
important whenever ZnO is to be used as a transparent electrode for solar cells. It was seen 
that the junction was improved by annealing the film at 400 ºC. 
A process using SnI4 and O3 to deposit SnO2 has been studied at temperatures below 300 ºC 
in order to investigate the crystal structure, electrical and optical properties of the as-deposited 
films. The process enables growth from a temperature of 110 ºC. Films deposited at 
temperatures of 300 ºC are crystalline while at lower temperatures the films are amorphous. 
UV-vis-NIR spectroscopy shows absorption due the fundamental absorption in the films. For 
films deposited at 300 ºC the specific resistivity is 7.1.10-3 : cm, carrier concentration of 
5.1019 cm-3 and the mobility is 17 cm2/V.s. The SnO2 process has also been used as a buffer 
layer during high temperature annealing of Cu-Al-O films due to its chemical robustness.  
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A process to deposit CuO has been studied using copper acetylacetonate, [Cu(acac)2] and O3. 
The process was found to give uniform films following the self-limiting growth pattern of 
ALD in a temperature range of 140 – 230 ºC with a growth rate of ~0.038 nm/cycle. The films 
were crystalline as deposited with the tenorite structure.  
Good control of stoichiometry in the Cu-Al-O and Cu-Y-O systems by combining the 
processes for deposition of CuO, Al2O3 and Y2O3 has been achieved. Films with the 
delafossite type structure were obtained by high temperature annealing of films containing Cu 
and Al. 
The current compilation of work shows that the ALD technique is well suited for deposition 
of conducting and transparent materials.  
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1 Introduction 
The use of fossil fuels is continuously increasing due to population growth and emerging 
economies, bringing with it emission of greenhouse gases1. There is already a consensus in 
the scientific community that the amount of greenhouse gases has already led to climate 
change. Warming is unequivocal, human influence on the climate system is clear and 
continued greenhouse gas emissions will lead to further climate changes2. Efforts to 
mitigate the emission of greenhouse gases are inevitable in order to prevent further climate 
change. Utilizing renewable energy sources such as solar energy, wind- and hydro power 
and bio-fuels are some of the measures that can mitigate the emission of greenhouse gases.  
 
This work has focused on deposition of metal oxides as materials for transparent 
conducting oxides (TCO’s). TCO’s are an important class of materials within renewable 
energy applications and can enhance the efficiency of traditional solar cells as well as 
enable design of new types of transparent electronics. TCO’s can also be used to 
functionalize windows to reduce emission of heat or to produce electricity.  
 
1.1 Motivation 
In 2010 66.6% of the electricity production in the world came from fossil fuels according 
to “The World fact book”3. There are many available solutions today that can help mitigate 
the greenhouse gas emissions. Good technological solutions to utilize the earth’s renewable 
energy resources exist. Solar radiation is one of the most important renewable energy 
resources. The technical potential of the annual solar irradiation is 3 – 100 (3 represents the 
minimum estimation and 100 the maximum)4.times the primary energy consumption in 
2008. The technical potential is calculated based on practical availability of land, realistic 
conversion efficiencies, annual clear-sky irradiation and sky clearance. The technical 
potential for the solar irradiation to Earth might seem low since Earth’s surface receive 
about 8000 times more energy per year from solar irradiation than the primary energy 
consumption in 2008. However, to utilize this energy the radiation to all of Earth’s surfaces 
(land and ocean) would have to be harnessed with a 100 % conversion efficiency5.  
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Direct solar energy technologies harness the energy of solar irradiance to produce 
electricity, thermal energy (heating or cooling), to meet direct lighting needs and 
potentially to be used to produce fuels. The technology for producing fuels by solar energy 
is still immature, whereas concentrated solar power (CSP) solutions to produce electric 
power is emerging. The most mature technologies utilizing solar irradiation is the thermal 
power systems for heating and cooling and the wafer based photovoltaics for electric 
power generation6. 
 
There is a huge potential within utilizing the waste solar energy resource. Even though the 
research within photovoltaics is mature there are still opportunities to improve the 
technology to meet with the public demand. Higher efficiencies, lower costs, 
implementation of non-toxic and abundant materials as replacement of some of the present 
expensive and toxic materials (In, Cd), will improve the technology and its implementation 
further 7-10.  
 
Cost reduction for the renewable energy applications can be achieved by cheaper, faster 
and larger scale production processes. Governmental incentives are also beneficial for 
increasing the use of renewables.  
 
The efficiency of present solar cells can be increased by utilizing more of the solar 
irradiation. Introduction of transparent front contacts on solar cells will increase the active 
surface area by limiting shading from metal front contacts. However, the present progress 
is limited by development of new transparent conducting materials based on abundant 
materials. A progress in this field will also be important for the electronics market as all 
flat panel displays rely on transparent conducting oxides. The need for transparent 
electronics is driven by the real-estate principle for utilizing already existing surfaces11.  
Windows can be used for electricity production or be functionalized with respect to light 
shielding and in realizing transparent thin film transistors (TTFT’s). Transparent solar cells 
have lower efficiencies than conventional wafer based photovoltaics. Due to the fact that 
the solar cells are transparent, most of the solar irradiation will be transmitted or reflected, 
while only the shorter wavelengths will be absorbed to produce electricity. However, 
functionalizing the vast amount of glass in buildings, such as skyscrapers and office 
buildings, offer a good potential for transparent solar cells.  
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1.2 Scope of work 
N-type TCO materials are important as transparent electrodes for renewable energy 
applications such as front contacts which increase the efficiency of solar cells as well as 
within transparent electronics. Finding a good p-type TCO will lead to the realization of 
transparent p-n junction (see chapter 2.1.2) which can be used as transparent solar cells on 
windows, transparent transistors and other transparent electronic gadgets so far only seen 
in the Sci Fi movies. 
 
This work has mainly focused on three materials, namely zinc oxide (ZnO), tin(IV) oxide 
(SnO2) and copper aluminum oxide (CuAlO2). ZnO and SnO2 are well known n-type TCO 
materials. CuAlO2 is a potential candidate as a p-type TCO material. Thin films of the 
materials have been prepared using Atomic Layer Deposition (ALD). The contribution of 
this work has been to gain more knowledge for already known processes, and to find new 
routes to deposit the materials, which has been done for CuO deposition.  
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2 Background  
Materials can be classified according to many different systems, one is to relate the 
classification to their electrical properties and divide them into metals, semiconductors or 
insulators. Metals are normally good conductors, while the conductivity of semiconductors 
is strongly related to their doping levels. Insulators do not conduct electricity. The reason 
for the differences in conductivity is mainly due the materials band gap. Band gap is the 
gap between the valence band (highest occupied) and conduction band (lowest 
unoccupied) in a material. See an illustration of the band gaps for metal, semiconductor 
and insulator in Fig 1. The band gap for insulating materials is generally so large that they 
become optically transparent for visible light. How is it then possible to have a transparent 
material that can conduct electricity? 
 
This chapter will first introduce the two most important properties for TCO materials, 
namely; optical transparency and electrical conductivity. Based on this, some of the 
applications utilizing TCO materials and their requirements will be mentioned. The thin 
film technique used in this study, ALD, will be presented briefly before the materials 
studied in this work will be presented.  
 
2.1 Electrical conductivity  
Electrical conductivity is a measure of a materials ability to transport (conduct) an electric 
current. In this part the focus will mainly be on electrical conductivity in semiconductors.  
 
Atoms are built up of a positive core with electrons distributed around in orbitals. This 
gives discrete energy levels in the atom where the electrons are allowed to be. When atoms 
are “put together” chemical bonds are formed. The atomic orbitals are then transformed 
into molecular orbitals where the number of discrete levels relates to the number of atoms 
taking part in the molecule. The extension of this is that for structured solid materials, the 
number of levels becomes so large that they appear as energy bands. The 
transport/conductivity of electrons (and holes) in a material are determined by these energy 
bands. Such bands are shown in Fig 1. For metals, the valence band is only partly filled 
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and the electrons can easily move. For ideal semiconductors and insulators, the valence- 
and conduction band is separated by a band gap leaving the valence band completely filled 
and the conduction band empty. A completely filled band cannot conduct electricity since 
the mobility of the electrons will be zero because they do not have any vacant position to 
move into. For a semiconductor, the gap is small enough so that electrons can be exited to 
the conduction band by absorption of visible light or by absorption of thermal energy. In 
the excited state, the mobility will increase both in the conduction and valence band, and 
hence semiconductors become electronically active. Semiconductors can be converted into 
permanently electronically active materials by doping, a process that will be described in 
chapter 2.1.1. A material is transparent to visible light if the band  gap is higher than ~3 
eV12. The band gap of insulating materials is so large that the magnitude of excited 
electrons becomes negligible. As an example, the band gap in SiO2 is 9 eV. However, there 
is no clear definite limit separating semiconductors from insulators. The conductivity of a 
material can therefore be used to define whether it is an insulator or semiconductor. This is 
because the conductivity can be enhanced by doping13, making the band gap no certain 
measure for the materials conductivity.     
 
 
Fig 1 A comparison of the band gaps of metals, insulators and semiconductors.  
 
The band structure in a material is not as simple as presented in Fig 1. The band structures 
reflect the periodic arrangement of atoms in crystalline structures and become dependent 
on the direction in the material. Fig. 2 shows the band structure diagram for tin(IV) oxide 
and silicon.  
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Fig 2 Band structure of the direct band gap material SnO2 (left) and the indirect band gap 
material Si (right), pictures adapted from Ref14 and Ref15 respectively.  
 
The band structure diagram shows the energy bands in the material. The bands are 
separated by the band gap. The letters along the x-axis (*0' etc.) are directions in the 
crystalline material16, 17. If the minimum of the conduction band lies at the same position as 
the maximum of the valence band, the material is a direct band gap semiconductor. The 
alternative is an indirect band gap where the electron will have to alter its momentum 
while being excited. This will influence how an electron is relaxed from its exited state in 
the conduction band to the valence band. In semiconductor light emitting devices direct 
semiconductors are normally chosen. Exited electrons will recombine directly with a hole 
in the valence band and emit light. The probability of light being emitted from 
recombination of excited electrons in an indirect semiconductor is small. Recombination 
for excited electrons in an indirect band gap follows recombination with impurity/defect 
energy levels within the band gap. This will emit heat to the lattice.  
 
The conductivity, V of a material is given by equation 2.1.  
 
ߪ ൌ ݍ݊ߤ          (2.1) 
 
Where q is the electron charge, n the carrier concentration and P the mobility. In 
semiconductors, both electrons and holes are carriers and both will contribute to the 
conductivity. Then equation 2.1 will be written as equation 2.2. 
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ߪ ൌ ݊ݍߤ௡ ൅ ݌ݍߤ௣         (2.2) 
 
Where p is the carrier concentration of holes. The mobility P is defined as: 
 
ߤ௘Ȁ௛ ൌ ௘ఛ௠೐Ȁ೓כ           (2.3) 

W is the average time an electron spends between two successive scattering events and 
݉௘Ȁ௛כ  is the effective mass. Sources for scattering could be phonons, impurities, defects and 
dopants.  
 
2.1.1 Doping 
In order for an electron to move in an applied electric field, there must be allowed 
unoccupied energy states for it to move to. A semiconductor where no dopant is present is 
called an intrinsic semiconductor. If an electron is excited to the conduction band it will 
leave a hole in the valence band. The concentration of holes and electrons will be the same. 
If a semiconductor is doped it is called extrinsic. It will then be either n- or p-type, 
meaning a higher concentration of either electrons (n-type) or holes (p-type). Dopants 
introduce new energy states within the band gap. Dopants with excess electrons can donate 
these to the conduction band. The material will then have an excess of electrons (n-type), 
and the material is donor doped. If a dopant that is electron deficient is introduced, it can 
accept an electron from the valence band. The material will then have an excess of holes 
(p-type). A donor dopant should introduce an energy level close to the conduction band. 
This will ensure that only a small amount of energy is required to excite/donate the excess 
electron to the conduction band. If the energy level introduced by the donor dopant is close 
to the conduction band it is called a shallow donor. If the donor introduces an energy level 
further away from the conduction band it is called a deep donor. Acceptor dopants should 
introduce an energy state right above the valence band, so that electrons easily can be 
exited to the energy level introduced by the acceptor dopant. Note; some metal oxides are 
referred to as intrinsic n- or p-type materials, this means that it normally forms native 
defects, such as vacancies and interstitials, that act as dopants even though no foreign 
dopant is present in the material. 
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The distribution of electrons between the valence and conduction band follow the Fermi-
Dirac distribution. The Fermi level is where the probability of finding an occupied electron 
state is ½. For intrinsic semiconductors the Fermi level lies in the middle of the band gap 
as shown in Fig 1, while it is shifted either towards the valence- or conduction band 
depending on whether the material is p- or n-type, see Fig 3.  If a semiconductor is doped 
heavily n-type the dopants come closer together and can no longer be considered to have 
discrete energy levels. They will form energy bands that can overlap with the bottom of the 
conduction band. If the concentration of conduction band electrons is higher than the 
effective densities of states, the Fermi level will no longer lie in the band gap, but will be 
in the conduction band. The material is then a degenerate semiconductor. A degenerate p-
type doped semiconductor will have the Fermi level in the valence band. 
 
 
Fig 3 Band gap structure extrinsic (n and p). Fermi level, EF,  indicated  
 
2.1.2 p-n junction 
When a p- and n-type semiconductor are joined together they form a p-n junction. The p-n 
junction is essential for the operation of devices such as; solar cells, some transistors and 
diodes. A p-n junction is illustrated in Fig 4. When the n- and p-type semiconductor are 
brought together electrons will move towards the p-side and holes will move towards the 
n-side. This is called the depletion zone which acts as a barrier for further transport of 
carriers. If an external voltage is applied, it can either give rise to a forward- or reverse bias 
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that will change the “size” of the depletion zone. It can either make the junction conduct 
better or make it into an insulator. This is the rectifying character of a p-n junction. If light 
with energy higher than the band gap is shone on the junction, an electron-hole pair will be 
created. The junction separates them so that they will not recombine but rather be used in 
an electric circuit. This is the construction of a solar cell.  
 
Fig 4 P-n junction. An illustration showing an electron (green sphere) being excited from the 
valence band to the conduction band. The electron is then pulled towards the n-type region and 
the hole (red sphere) is pulled towards the p-type region. Picture is reprinted with permission 
from Ref. 18. 
 
2.2 Optical Properties 
When a photon (light) impinges on the surface of a material, several interactions can occur. 
It can be reflected from the surface. If it is not reflected it can be absorbed by the material. 
If the photon is not reflected or absorbed it will be transmitted. When the light travels 
through the material its path can be changed, or the speed of the light changes, this is 
called refraction. The light can also be scattered due to internal surfaces etc. inside the 
material. All these properties are dependent on the energy/wavelength of the photon 
irradiated on to the material. The changes light undergoes when interacting with a 
particular substance are known as the optical properties of that substance. 
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There are many reasons why a material absorbs light. The main cause for absorption of 
visible light in a solid material is due to the materials band gap. If the photon energy is 
equal or higher than the band gap of the material it can be absorbed. Typical absorption in 
a TCO material is described in the next chapter. 
 
2.3 Transparent Conducting Oxide 
In the beginning of chapter 2 we asked how it is possible to have a transparent material to 
conduct electrons. A material having a band gap higher than 3,1 eV (400 nm) is transparent 
and is called a wide band gap semiconductor. By doping a wide band gap semiconductor 
the conducting properties will be enhanced. The resulting material is a transparent 
conductor (TC). Fig 5 shows a typical optical spectra for a TCO material, here it is a ZnO 
film deposited on glass.   
 
Fig 5 Optical spectra of typical (ZnO) transparent conductor (TC). The figure shows the 
transmittance (T), absorbance (A) and the reflectance (R). Picture adapted from Ref 19. 
 
The film has a transparency of ~80% in the visible region (400-700nm). Oscillations from 
thin film interference can be seen for both the transmittance and reflectance in this area. 
The transmittance cut-off at around 300 nm is due to the fundamental absorption (optical 
band gap) of the material where electrons are excited from the valence band to the 
conduction band. The decrease in transmittance and increase in reflectance at higher 
wavelengths is due to collective oscillation of electrons in the conduction band called 
plasma oscillations (plasmons). This can also lead to substantial absorption for longer 
wavelengths as seen in Fig 5. The maximum absorption wavelength due to plasmons is 
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dependent on the number of electrons in the conduction band (carrier concentration) and 
will shift towards lower wavelengths when the carrier concentration is increased.  
 
The majority of the TCO’s discovered so far are n-type conductors, while only a few p-
type conductors are known. Attempts to convert native n-type TCO materials to p-type by 
heavy doping have been attempted with little success. Going from p- to n-type is also 
difficult for some of the materials. The reason for this is the formation of defects that 
compensate the doping. This is why p-type doping of ZnO and n-type doping of CuAlO2 
has proven to be difficult, whereas CuInO2 can be both p- and n-doped19, 20. Based on the 
examples above it is seen that there are several factors that needs to be taken into account 
when finding and designing the right TCO for the desired application. 
 
2.3.1 Applications and requirements   
TCO materials are used in many applications and as new materials and improvements are 
discovered, we might find ourselves with the funny gadgets normally seen in the Sci Fi 
movies. Some divide transparent conducting (TC) materials into active or passive, based 
on the TC’s role11. The passive absorbs energy and could be a simple coating for electrical 
conductivity or optical purposes such as touch displays, front contacts, solar cells, heating, 
low e-windows and electro-chromic windows, while the active role is when it is used to 
control energy flow, as in thin film transistors (TFT’s) for use in thin film transistor liquid 
crystal displays (TFTLCD) and active matrix liquid crystal display (AMLCD). If good p-
type TCO’s are realized, transparent p-n junctions can be made. In Fig 6 some applications 
that utilize TCO materials are shown.  
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Fig 6 Applications that utilize TCO’s: a) Transparent front contact on solar cell array21  b) a 
picture of flexible F-doped indium zinc oxide on a PEN film substrate (Insertion picture is an 
SEM image of the channel region)22  c) transparent active matrix OLED display with ZnO-based 
TFTs23. 
 
Depending on the application there are different requirements for the TCO materials. For 
transparent electrodes the material should have a carrier concentration of about 1020 – 1021 
cm-3 and a resistivity of about 10-3 : cm or lower. The band gap should be higher than 3 
eV and the average transmittance should be higher than 80% for the visible range of the 
electromagnetic spectrum12. As mentioned earlier, absorption due to free carriers is shifted 
to shorter wavelengths when the carrier concentration is increased. The material might then 
block some of the useful incoming solar light if it is used as an electrode for a solar cell 
that can utilize this part of the incoming light. If the TCO material is to be used as the 
active channel material in a TFT, the carrier concentration should be low, but the material 
should have a high carrier mobility in the order of ~10-40 cm2/V s19. Another important 
point is that the fabrication of the thin film TCO materials should be quick, applicable on 
large areas and at temperatures below 200 ºC12. For TCO electrode materials the thickness 
should also be less than 200 nm12.  
 
The industry standard today is indium tin oxide (Sn-doped In2O3, ITO). ITO is used in 
touch screens, flat panel displays and solar cells8, 12, 19, 24. The scarcity and limited 
availability of indium has led to drastically increasing prices of indium the last few years7-
10. There are readily good candidates such as doped tin oxide and zinc oxide with 
comparable electrical and optical properties to ITO12, 19, 24. One of the reasons why ITO has 
not been replaced by other TC materials is due to how the material is fabricated and also 
how easy the material is to etch. Tin(IV) oxide is known to be a highly stable material used 
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in corrosive environments, while zinc oxide is easily etched7. Another aspect is that the 
display industry has invested heavily in  ITO optimized systems and can afford the high 
price of indium. Other markets such as the photovoltaic industry are more vulnerable to the 
price of indium8, 10. 
 
2.4 Atomic Layer Deposition (ALD) 
Atomic layer deposition (ALD) is a chemical vapor deposition technique based on self-
limiting reactions between gas phase reactants and active sites on a surface. The reactants, 
called precursors, used to deposit the film are separated from each other by purge steps 
with inert gas so that they can only react with the surface. The process to create one layer 
of material with ALD is called an ALD cycle. Fig 7 shows a schematic presentation of one 
ALD-cycle. For a binary compound such as Al2O3, two precursors are used and the cycle 
consists of four steps. For the deposition of Al2O3, trimethylaluminum (TMA) and water 
(H2O) are the most used precursors 25, 26.  
 
Fig 7 ALD-cycle. See explanation in text. Picture is reprinted with permission from Ref.27. 
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The first ALD-cycle starts with the surface of the substrate, often a silicon wafer or soda-
lime glass is used as substrate, but the material and structure of it depends on the 
application25. Every surface is terminated by active surface species (-OH groups is a 
typical surface species) where the precursor can react. In step 1) TMA is pulsed in to the 
reaction chamber. Here it will react with the active surface species (chemical absorption) 
available, both on the substrate and the reaction chamber walls. Excess TMA and by-
products from the surface reaction should not react. When the surface is saturated, the 
excess TMA and by-products are purged away in step 2) using an inert gas such as nitrogen 
(N2). There will now be one monolayer of reacted TMA on all surfaces. In step 3) water is 
pulsed in to the chamber and will react with the TMA on the surfaces, creating one Al-O 
layer. Excess water is purged away in step 4). The cycle can now be repeated until the right 
thickness is obtained. This controlled reaction cycle is the most important benefit of ALD.  
 
The good thickness control and surface reactions leads to conformal, pin-hole free films 
that can be deposited on complex surfaces. The use of metal organic and organometallic 
precursors leads to low deposition temperatures. The temperature range for a specific 
precursor system where ALD growth is obtained is called an “ALD-window”. Initially it 
was used to describe the temperature range where the growth rate was constant, however, it 
is also being used for the temperature range where self-limiting growth is obtained.    
Another important aspect of this technique is the ability to mix binary processes to get 
complex stoichiometry. The good control of each layer deposited enables good 
stoichiometric control. This will be elaborated further in chapter 2.4.1. Shortcomings of 
this process are a slow growth rate (thickness deposited per ALD cycle) and in some cases 
that it covers all available surfaces. Most ALD reactors operate under vacuum. In order to 
increase deposition throughput and simplification of the process, industries utilizing ALD 
use big batch reactors28. There are also processes that operate under atmospheric pressure 
such as spatial atmospheric ALD29.  
 
ALD was initially invented to enable production of large thin film electro luminescent 
(TFEL) displays. The need for uniform, pin-hole free films on large surfaces was enabled 
by the use of ALD30-32. Since its discovery, the technique has gained a lot of interest, and 
the number of applications using this method is increasing. It is a good tool for research in 
the laboratory, due to the good control of the growth, but it is also a vital technique for 
some industries, and the development of batch processes and atmospheric pressure 
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processes makes it more available for use on the large industrial scale. There is a plethora 
of application areas where the ALD technique can be utilized such as; protective coatings 
(chemical, mechanical, electrical), front contacts, solar cells, decorative coatings, 
deposition on complex surfaces, lithium battery materials, hybrid material, bio-compatible  
materials, transistors and within display-technology25.  
 
The process described above is sometimes referred to as normal or thermal ALD. Plasma 
Enhanced ALD (PEALD) and spatial atmospheric ALD (AALD) will not be described 
here, and note that the technique might also be mentioned under other names25, 26. 
 
2.4.1 The surface utilization concept  
The ALD growth mechanism is based on self-limiting surface reactions. When the 
precursor molecule is adsorbed, it will occupy space on the surface. The size of the 
precursor is dependent on the type of ligands used, i.e. a precursor consisting of a metal ion 
and large organic ligands will occupy more space than a metal halide precursor. The size 
that is occupied by the precursor can be called the surface utilization. The growth rate of a 
binary compound, such as the process using TMA and water to deposit aluminum oxide, is 
dependent on its surface utilization. The aluminum oxide process using TMA has a high 
growth rate due to the small precursor molecules. Calculating the size an adsorbed 
precursor molecule occupies on the surface is cumbersome, luckily Ylilamm has shown 
that for many ALD processes the growth rate is inversely proportional with the size a 
precursor molecule occupies on the surface33. If two or more binary processes are 
combined together, the processes might influence each other. Nilsen et al. proposed the 
surface utilization concept34 where experimental data can be fitted to a model to describe 
the growth when several processes are combined. In this concept the growth rate of the 
individual processes are modified to fit the experimental data.  
 
Let us look at the case of mixing copper oxide and aluminum oxide as an example to 
describe the concept. Their individual growth rates are vCu = 0.038 nm/cycle and vAl = 
0.115 nm/cycle respectively. Relative growth rates are used in this concept and the growth 
rate of aluminum oxide is said to be 1. The relative growth rates are given by equation 2.4 
and 2.5: 
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ݑ஺௟ ൌ ௩ಲ೗௩ಲ೗ ൌ ͳ         (2.4) 
 
ݑ஼௨ ൌ ௩಴ೠ௩ಲ೗ ൌ ͲǤ͵͵        (2.5) 
 
Where uAl/Cu are the relative growth rates for the oxides. Based on this the mol%, or here 
cat%, of copper and aluminium can be calculated from equation 2.6 and 2.7: 
 
ܿܽݐΨ஼௨ ൌ ௦௨௕௖௬௖௟௘௦Ψ಴ೠή௨಴ೠ௦௨௕௖௬௖௟௘௦Ψ಴ೠή௨಴ೠାሺଵି௦௨௕௖௬௖௟௘௦Ψ಴ೠሻή௨ಲ೗    (2.6) 
 
ܿܽݐΨ஺௟ ൌ ͳ െ ܿܽݐΨ஼௨       (2.7) 
 
Where sub cycles%Cu refers to the amount of Cu-O cycles with respect to all cycles of 
binary processes (Cu-O cycles + Al-O cycles). Equation 2.6 can be plotted together with 
the experimentally obtained values for cat%Cu. The model can be fitted to the experimental 
data by varying the relative growth rate for CuO, uCu. The deviation between the fitted 
model and the initial model can then give indications to how the growth of the binary 
oxides is influenced when they are mixed together. Fig. 20 and Fig. 21 show how the 
model can be fitted to experimentally obtained data. The deviation between the initial and 
fitted model give indications to how the processes influence each other. It is generally 
expected that the growth rate for a multicomponent complex oxide will be lower than 
expected from individual growth rates of the binary components35, 36,However, this is not 
the case for the Cu-Al-O and Cu-Y-O systems as seen in Fig. 22. A similar behavior has 
previously been seen for  deposition of PbTiO337 and Y:ZrO2 38. 
 
2.5 Materials 
Conventional n-type TCO materials are mainly based on CdO, In2O3, SnO2, ZnO or Ga2O3 
and mixed compositions of these binary oxides19. The combination of optical transparency 
and electronic conductivity was first discovered for CdO in 190739, but has not been 
commercially used. SnO2, and its doped versions, has been used in special heating 
applications since the 1970’s and is still a good candidate for several applications such as 
low emission-windows24. As mentioned in chapter 2.3 ITO is the most widely used TCO 
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today. Presently, no good p-type TCO material exists, and the search for such a material is 
still a hot topic, especially since conversion of present n-type TCO materials into p-type by 
heavy doping has not been successful20.  
 
The current chapter is devoted to the materials studied in this work.  
 
2.5.1 ZnO 
ZnO is the material that most probably will replace ITO40 as TCO material according to the 
current progress. ZnO is a non-toxic, abundant wide band-gap semiconductor. The 
optoelectronic properties of ZnO fulfill the requirements mentioned in Section 2.2.1. It has 
a band gap of 3.37 eV, transparency > 80% and resistivity of 2.10-4 :cm41. The thin films 
are produced using conventional, industrial processes at temperatures below 200 ºC12. ZnO 
is natively n-type, (also called intrinsic n-type). To achieve a resistivity near 2.10-4 :cm, 
however, the material needs to be doped. Common dopants are Al and Ga41, but Ti, B, In 
and others are also being studied12. To fully understand and optimize the material, both the 
effects of native dopants and intended and unintended dopants needs to be understood. The 
origin of the native n-type conductivity in ZnO is still a debated subject. Previously, 
oxygen vacancies were thought to be the main contributor to the n-type conductivity in 
ZnO, but recent studies have shown that the oxygen vacancies act as deep-level donors. It 
is more likely that hydrogen contributes to the n-type conductivity by forming defect 
complexes with the native defects such as oxygen vacancies or with impurity defects and 
deliberate dopants42. Hydrogen is present under almost all growth processes and will 
therefore contribute to the conductivity of the resulting ZnO material19.  
 
ZnO crystallizes in the hexagonal wurtzite structure. Most of the deposited ZnO thin films 
are polycrystalline where preferred orientation often is observed. Thin films of ZnO have 
been deposited with most of the applicable thin film techniques. The most commonly used 
are sputtering43, molecular beam epitaxy (MBE)44, pulsed laser deposition (PLD)44, 45, 
metal organic chemical vapor deposition (MOCVD)46 and the number of publications 
reporting use of ALD to deposit thin films of ZnO is rapidly increasing47. A good overview 
of the work done by ALD can be found in the review articles by Miikkulainen et al25 and  
Tynell et. al.47.  
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Several precursors have been tested for deposition of ZnO using ALD25, 47. The most 
commonly used precursor is diethyl zinc (DEZ)47. Normally, the ALD-window (constant 
growth) is reported to be between 110 – 170 ºC with a growth rate 0.18 nm/cycle – 0.2 
nm/cycle. However, uniform films can be deposited at lower and higher temperatures, but 
the growth rates seem to vary a lot between reports47.  Other oxygen sources apart from 
water are also being used47. Films deposited using DEZ and water show a good 
crystallinity even at low temperatures. The films show preferred orientation that seem to 
vary with deposition temperature. The resistivity of ZnO films deposited using DEZ and 
water seem to decrease with increasing deposition temperature. The lowest resistivity is 
achieved at temperatures around 200 – 220 ºC and is as low as 10-3 : cm47. With 
additional intentional doping the conductivity can be increased further. A typical dopant for 
ZnO is Al (AZO). Using techniques such as PLD and sputtering has resulted in films with  
resistivity lower than 10-4 : cm48 while for films deposited using ALD it is normally an 
order of magnitude higher.  
 
2.5.2 SnO2 
Tin(IV) oxide (SnO2) is an important and widely used wide band gap semiconductor. It is 
of great interest in corrosive environment applications due to its high stability. This 
includes applications such as gas sensors49, batteries50, 51, infra-red reflection layer on 
windows for energy conservation (low e-windows) 52 and in photovoltaic applications52-54. 
 
SnO2 occurs in nature as the mineral Cassiterite, which possesses the rutile crystal 
structure. SnO2 is a native, n-type semiconductor with a wide band gap of 3.6 eV. The 
lowest resistivity obtained for doped SnO2 is in the order of 10-4 : cm for Sb- or F-doped 
SnO2 deposited using pulsed laser deposition (PLD) and sputtering55. Resistivity of the 
same order of magnitude has also been achieved using chemical vapor deposition (CVD), 
but only at temperatures above 300 ºC56, which is too high for most of the applications. 
The origin of the n-type conductivity in SnO2 is believed to be caused by oxygen 
vacancies57 and as in ZnO, interstitial H can create shallow donor levels in the band gap of 
SnO242. Being such an important material, its properties has been extensively studied and 
reported previously in review papers such as Refs. 12, 19, 58 . 
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Thin films of tin oxide has previously been deposited by numerous different types of 
techniques including wet chemical processes, physical deposition techniques i.e., 
sputtering and gas phase deposition techniques like chemical vapor deposition (CVD) and 
also atomic layer deposition (ALD)19, 58. Table 1 show the numerous processes reported 
used with ALD. 
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Table 1 ALD processes for deposition of SnO2 published before June 2014. Literature published 
before December 2010 is taken from the review by Miikkulainen et. al.25. Note that temperature 
window vary between reports and substrates used.  
Sn-precursor Oxygen source ALD-window 
(temperatures 
tested) 
(ºC) 
Reference 
Sn O2 300  31 
SnCl4 
- Sb-doped 
- ITO 
H2O 150- 500 (150-600) 
500 
52, 59-80 
52   
81 
SnCl4 H2O2 250-500 (150-700) 49, 70, 82-86 
SnI4 O2 500-750 (350-750) 49, 70, 82, 87-90 
SnI4 H2O2 600 70 
Sn(CH3)4 N2O4 400-450 (375-475) 91, 92  
Sn(CH2CH3)4 
- F-doped 
N2O4 250-290 (225-325) 91 
Dibutyltindiacetate 
(CH3CH2CH2CH2)2Sn(OCOCH3)2  
 
O2P 300-400 (200-400) 51, 93-100.  
Tetrakis(dimethylamino) tin, 
TDMSn, Sn(N(CH3)2)4 
- ITO 
- Nb-doped 
H2O2 50-325 (50 -400) 
275 
.53, 54, 101 
53 
102 
Sn(NMe2)4 
- ZTO 
H2O 30-200 (30-200) 
120 -150 
103-105 
105-107 
Sn(tbba) tbba=N2,N3-di-tert-
butyl-butane-2,3-diamidotin(II) 
- (Sn,Al)Ox 
- ZTO 
H2O2 50-150 (50-250) 
120 
170 
.108 
109 
110 
Sn(tbba)  NO 130-250 (130-280) 111 
Sn(OC(CH3)3)4 CH3COOH (75-250) 112, 113 
Sn(dmamp)2 [dmamp = 
OC(CH3)2CH2N(CH3)2 
O2P 50-200 (50-200) 114 
Tin(IV)-butoxide O2P 200 50 
Sn(acac)2 (acac=acetylacetonate) O3 175-300 (100-375) 115 
P=plasma enhanced ALD (PEALD) 
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The first report of SnO2 films deposited by ALD was with elemental tin as the metal 
precursors. Later, tin halogens such as SnCl4 and SnI4 have been reported as suitable tin 
precursor. They have been used together with oxygen precursors such as H2O, H2O2 and 
O2. A few attempts using organometallic compounds have been reported, while in recent 
years more focus has been on metal organic precursors both using plasma enhanced ALD 
(PEALD) and thermal/normal ALD. However SnCl4 and H2O is still the precursor pair 
most reports published have used. A few attempts to dope SnO2 or to make ternary oxides 
have also been reported as listed in Table 1.  The main focus for articles published the last 
couple of years focus on deposition of SnO2 on nanostructures such as nanowires, 
nanotubes and high aspect ratio substrates51, 99, 112.  
 
2.5.3 Delafossite - CuMO2 
In this work, one of the goals has been to synthesize thin films with the delafossite type 
structure. Many of the interesting properties for this class of oxides stem from copper 
oxide, so before describing the delafossites some notes on copper oxides and previous 
work done by ALD will be presented.  
 
Copper oxide 
Copper oxides are applicable within numerous areas e.g. catalysis 116, high temperature 
superconductors 117, gas sensors118 and photovoltaics 119, 120, among others. In binary 
compounds, copper takes oxidation states +I and +II in Cu2O and CuO, respectively 121, 
whereas +III and mixed valence +II/+III occur in ternary and other complex oxides. Both 
of the binary copper oxides are p-type semiconductors and Cu2O has long been regarded as 
a good candidate as a low-cost, non-toxic absorber material for application in solar cells120, 
122-126. 
 
Cupric oxide (CuO) has been a hot topic among the studies on transition metal oxides 
because of its interesting properties as a p-type semiconductor with a narrow band gap (1.2 
eV in bulk) and as the basis of several high-temperature superconductors and giant 
magneto resistance materials127. Cuprous oxide (Cu2O) is one of the first known p-type 
semiconducting materials125, 126, 128. Cu2O and CuO have striking contrasting colors, crystal 
structures, and physical properties127, 129. Cu2O is a reddish p-type semiconductor of both 
ionic and covalent nature with cubic structure (space group Pn 3  m). By contrast, CuO has 
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an iron-dark color with a more complex monoclinic tenorite crystallographic structure 
(space group, C2/c). The crystal structures of the two binary oxides are shown in Fig 8. 
Cu2O is expected to have an essentially full Cu 3d shell with a direct forbidden band gap of 
2.17 eV in bulk. CuO has an open 3d shell with a direct band gap (1.2 eV in bulk) of 
charge-transfer type 127. Recent reports have demonstrated that CuO has higher 
conductivity than Cu2O but with lower carrier mobility 127.  
 
 
Fig 9 crystal structure copper oxides (top) cupric oxide, CuO and (bottom) cuprous oxide, Cu2O.  
 
Copper oxides have previously been deposited by ALD. Much of the work reported has 
had the main purpose to reduce deposited copper oxide in order to produce films of 
metallic copper, both by in-situ130 and post131 deposition reduction. Several precursors 
have been tested. Cu(thd)2 (thd=2,2,6,6-tetramethyl-3,5-heptanedionato) and air 116, 132-134 
for preparation of catalysts. Cu(hfac)2 (hfac=hexafluoroacetoacetonato) and H2O 130, CuCl 
and H2O 130, 135, CuCl and H2O/O2 136, Bis(tri-n-butylphosphane)copper(I)acetate and 
H2O/O2 131, 137, 138. Utrianinen et al. in Ref. 139 has suggested that a reaction between 
Cu(acac)2 (acac=acetylacetonate) and water can be suitable for formation of thin films of 
copper oxide that subsequently can be reduced to metallic copper. van Welzenis et al. used 
in Ref. 140 the reaction between Cu(acac)2 and O2/air to demonstrate ALD growth by 
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performing in-situ low energy ion scattering (LEIS). The objective of this set-up was to 
investigate sub-monolayers of metals on oxide substrates, and the deposited copper oxide 
was therefore reduced to metallic copper. Other precursors using PEALD141 and AALD142, 
143 have also been reported, but will not be presented further here.  
 
The highest deposition temperature for the process using Cu(thd)2 and air is 170 ºC due to 
decomposition of Cu(thd)2 at 190 °C132. The reaction between Cu(hfac)2 and H2O needs a 
deposition temperature of 210 º C to take place. At a deposition temperatures of 300 ºC the 
as-deposited films show signs of decomposition130. Using CuCl as a copper precursor 
requires deposition temperatures above 375 ºC135, 136. When H2O is used as the oxygen 
source together with CuCl, formation of HCl can lead to etching and non-uniform films130. 
The highest growth rate when using CuCl is 0.14 nm/cycle at optimized conditions. The 
growth rate is highly dependent on temperature and substrate. For the process using Bis(tri-
n-butylphosphane)copper(I)acetate and H2O/O2 a narrow temperature window of 100 – 
130 ºC is seen with a growth rate of about 0.01 nm/cycle. This process has been reported to 
be highly dependent on the substrate used131.  
 
Delafossite - CuMO2 
The current major limiting factor in realization of transparent electronics is still insufficient 
properties of present p-type TCO’s144, 145. Current p-type oxides are mainly based on 
transition metal oxides, e.g. CuO146, Cu2O124, NiO147, Co3O4148, MnO2148, Fe2O3148, 
amongst others. These materials are limited by their low conductivity, perhaps with the 
exception of Cu2O120, 123, 124, low band gap and/or coloration due to d-d transitions.  
 
Despite a semi-low band gap, Cu2O is presently a good candidate as p-type TCO material. 
Cu2O adopts the cuprite structure which contains linear O-Cu-O fragments, with oxygen 
tetrahedrally coordinated by copper. The origin of the p-type conductivity stem from 
copper vacancies in the structure120. In 1997 Kawazoe et al. suggested that CuAlO2, taking 
the delafossite type structure, would be a good candidate as p-type TCO material. The 
delafossites are generally of the form of AIBIIIO2, where AI+ represents the monovalent 
cation (e.g. Cu+, Ag+ amongst others)  and BIII+ (e.g. Al3+, Y3+, Fe3+, Cr3+, In3+ to mention a 
few) represents the trivalent cation. The structure, as shown in Fig 10, consists of an 
alternative stacking of AI and layers of BIIIO2 composition, consisting of BIIIO6 octahedra 
sharing edges. Each AI atom is linearly coordinated with two oxygen atoms to form an 
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O−AI−O dumbbell unit placed parallel to the c-axis. O atoms of O−AI−O dumbbell link all 
AI layers with the BIIIO2 layers. Two alternative layer stacking sequences are possible, 
resulting in a hexagonal (space group P63/mmc) or rhombohedral (space group R 3  m) 
unit cell149, 150. CuAlO2 have the rhombohedral structure. Ternary metal oxides, ABO2, 
having this type of crystal structure include, A= Pd, Pt, Cu, Ag and B=Co, Cr, Rh, Al, Fe, 
Ga, Sc, Y, La etc.  151, 152  
 
 
Fig 10 Crystal structure of delafossite, space group R 3  m, CuAlO2.  
 
For the Cu+ based delafossites, named here as CuMO2, the p-type conductivity in these 
materials is thought to stem from copper vacancies and oxygen interstitials 150, 153. In 
CuAlO2 both copper vacancies and oxygen interstitials have low formation energies. 
However, the oxygen interstitials seem to form deep acceptor levels154. Doping of 
delafossite materials can be achieved by replacing the M3+ with either a divalent ion to 
achieve acceptor doping or with a tetravalent atom to obtain donor doping. It has been 
reported that CuInO2 can be doped both p- and n-type155-158 using Ca2+156, 158 and Sn4+156, 157 
as acceptor and donor dopants respectively. Table 2 show examples of some copper based 
delafossites and their optoelectronic properties.   
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Table 2: Examples of optoelectronic properties for selected un-doped and doped delafossite thin 
films. (the table is based on table 12.4 in Ref.152 with some modifications) All films show p-type 
conductivity except for Sn-doped CuInO2. 
Material 
Direct band gap, 
Eg 
(eV) 
Average 
Film 
Thickness 
(nm) 
Transparency 
(%) 
Conductivity 
(S cm-1) 
Ref. 
CuAlO2 3.5 230 70 0.34 159 
CuGaO2 3.6 500 80 0.063 160 
CuInO2 3.6 500 - 0.052 157 
CuIn1-xCaxO2 
(x=0.07) 
~3.9 170 70 0.0028 156 
CuIn1-xSnxO2 
(x=0,05) 
~3.9 280 40 0.0038 156 
CuCrO2 ~3.1 250 40 1 161 
CuCr1-xMgxO2 
(x=0,5) 
3.1 270 50 220 
161, 
162 
CuYO2 ~3.5 200 60 0.025 
162, 
163 
CuY1-xCaxO2 
(x=0.1-0.2) 
3.5 240 50 1.05 
162, 
163 
 
This class of material have been suggested for several possible applications such as: 
hydrogen production in photocatalysis164, 165, oxygen storage for use in catalyst for exhaust 
gas166, catalyst in hydrogenolysis167, spin-driven multiferroicity168, ozone sensor169,  as 
well as  candidate for use in photovoltaics170, 171.  
 
The delafossites are only formed by annealing above 1000 ºC172, 173. Fig. 11 show phase 
diagram for CuO-Al2O3, Cu2O-Al2O3 and CuO-Y2O3. CuAlO2 is readily formed by 
annealing above 1000 ºC173. However, to obtain CuYO2 the sample first needs to be 
annealed above 1000 ºC to form Cu2Y2O5. The Cu2Y2O5 will then have to be annealed 
above 1100 ºC under controlled oxygen partial pressure to obtain the delafossite type 
phase. 170, 172. Several thin film techniques have previously been used for deposition of 
delafossites, such as: laser ablation171, pulsed laser deposition (PLD)156, 160, chemical vapor 
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deposition (CVD)174, reactive sputtering175, rf magnetron sputtering176, sol-gel177 and dip-
coating178.  
 
  
Fig 11 Phase diagram of (left) CuO-Al2O3 and Cu2O-Al2O3 adapted from Ref. 173 and (right) 
Pseudo-binary phase diagram of the Y2O3-CuO system in air (the indicated condensed phases are 
all in equilibrium with air): (•) phase change and (O) partial melting. Adapted from Ref.179 
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3 Characterization methods  
The characterization methods used in this work are standard methods within materials 
research. In this chapter a brief overview of the principles for a selection of these methods 
will be given. For further information regarding the experimental set-up on the specific 
studies the reader is advised to look in the experimental sections in the attached papers and 
manuscripts.  
 
3.1 X-ray based methods 
X-ray based methods are some of the most widely used techniques in materials science. X-
rays are photons with wavelengths in the order of one tenth of a nanometer. When X-rays 
interact with a material it can either undergo elastic- or inelastic scattering. The different 
ways the photons are scattered can give information about the materials properties. The 
wavelength is similar to the distance between crystal planes in a crystalline material and so 
the beam can be diffracted, it can also be reflected, polarized and interference can occur. If 
inelastic scattering occurs, core electrons in an atom can be excited to an outer electron 
shell. When the electron relaxes it will emit light specific for the atom (X-ray fluorescence). 
If the electron absorbs more energy, it can be ejected to vacuum (photoelectric effect) and 
an ion is formed. The penetration depth of X-rays in a material increases with decreasing 
wavelength. All of these phenomena can be used to find material properties such as 
identification of crystal structure, composition, binding energies, thickness of thin films, 
and size of crystallites.  
 
3.1.1 X-ray diffraction (XRD) 
When a beam of X-rays hits a crystalline material, the crystal planes will act as a 
diffraction grid. By knowing the wavelength, O, of the incoming X-rays and the angle, T, 
between the incoming beam and crystal plane, the distance between the crystal planes, d, 
can be determined using Bragg’s law shown in Eq. 3.1180.  
 
 ݊ߣ ൌ ʹ݀௛௞௟ݏ݅݊ߠ        (3.1) 
 28 
 
Where n is an integer 1, 2, 3…, typically 1. The intensity of the diffraction peaks are 
influenced by the crystal symmetry and the type of atoms the crystal is built up from.  
 
X-ray diffraction analysis can be carried out using different X-ray sources and 
configurations for the angle of the incoming and outgoing beam. Normally these are 
synchronized, equal, related to the sample surface. This type of geometry is called Bragg-
Brentano geometry. In this type of geometry only the crystal planes parallel to the sample 
surface will be detected. In typical powder diffraction system a diverging monochromatic 
beam is used. The diffracted beam will converge and focus on the diffraction circle. For 
thin film tools there is often a Göbel mirror that can convert the divergent beam into a 
parallel beam. This is important when analyzing at low angles such as for X-ray 
reflectometry (see chapter 3.1.2).   
 
In Bragg-Brentano geometry the penetration depth of the beam can be several micrometers 
into the sample, when analyzing thin films it can in some cases be advantageous to use 
Gracing incidence configuration (GIXRD). Here the incident beam is sent into the sample 
at a small angle so that it graces the surface. The detector can then be moved along the 
diffraction circle. In this configuration the incident beam should have an angle slightly 
above the critical angle of the material.   
 
For laboratory diffractometers the X-ray sources are normally monochromatic and based 
on KD1 radiation. In this case a Cu source was used with a wavelength, O =1.54060 Å. 
Some selected samples were also analyzed using a synchrotron source, then called 
synchrotron X-ray diffraction (SXRD). When particles such as electrons are accelerated to 
great speed in a magnetic field they emit electromagnetic radiation. This is the principle for 
a synchrotron light source. The radiation obtained has a wide range of wavelengths 
enabling optimal experimental conditions and the high intensity ensures faster data 
collection.  
 
3.1.2 X-ray reflectometry (XRR) 
XRR is widely used to characterize thin films and multilayer structures. The technique can 
give information about the density of the material, film-/layer thickness and surface- and 
interface roughness. The technique is based on specular reflectivity (reflected angle equal 
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to incident angle)181. When the X-ray beam is sent towards the sample at very low angles 
(0 – 0.5º) it will be totally reflected before it reaches the critical angle. The critical angle 
varies depending on the density of the material. For angles above the critical angle the X-
rays will penetrate the sample, and be reflected by all transitions in X-ray density. This can 
then result in interference. Based on Parratt’s formalism the interference pattern (Kiessing 
fringes) obtained can be used to find the thickness of the layer. Surface roughness reduces 
the intensity of the specular reflected beam. By fitting the data to calculated models these 
three parameters can be found. The total scan range is usually less than 0 - 5°.  
 
3.1.3 X-ray fluorescence (XRF) 
XRF is a quantitative method to analyze the chemical composition in a sample180. When 
used to analyze thin film samples the technique requires a calibration procedure182. If 
correctly calibrated it can give the relative amounts of the specific elements in the sample. 
XRF is based on inelastic scattering between X-rays and core electrons in an atom. The 
electrons can then be excited to an outer electronic shell. When the electron relaxes it will 
emit light specific for the energy levels in the atom. X-rays with wavelengths from 0.01 – 
2.0 nm is used. The peaks obtained in the spectra identify atoms present while the intensity 
gives information regarding the amount of the atoms in the sample. The instrument used in 
this work can detect concentrations from ppm to 100%, but in practice the level is closer to 
1% for analysis of thin films. In theory, the XRF has the ability to detect X-ray emission 
from virtually all elements, depending on the wavelength and intensity of the incident X-
rays. However, in practice, most commercially available instruments are very limited in 
their ability to precisely and accurately measure the abundances of elements with an atom 
number lower than 11. XRF analysis cannot distinguish ions of the same element in 
different valence states.  
 
3.1.4 X-ray photoelectron spectroscopy (XPS) 
XPS is used to analyze composition and oxidation state in a material180. XPS is based on 
inelastic scattering of X-rays. Electrons are then ejected from the material (photoelectric 
effect). In this technique X-rays with longer wavelengths are used. This enables a surface 
sensitive technique since the penetration depths of the X-rays is low. To achieve a depth 
profile in a sample sputtering is often used. In this technique the energy of the ejected 
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electron is measured, by knowing the work function of the material and the energy of the 
incoming X-ray photon. The binding energy of the electron that has been ejected can then 
be found. The binding energy is specific and can therefore be used to identify the atom and 
the oxidation state. In this work a standard was used to help with the interpretation of the 
data.  
3.2 Optical spectroscopy 
The importance of knowing how a material interacts with light in the ultra violet (UV) – 
visible (vis) – infra red (IR) range has already been mentioned earlier in chapter 2.2 and 
2.3. In order to determine whether a material is transparent optical measurements are a 
necessity.  
 
3.2.1 Spectroscopic Ellipsometry (SE) 
SE is an optical analysis technique for investigating the thickness and the refractive index 
of thin films. SE measures the difference in reflectivity of s- and p-polarized light. The 
measured data needs to be fitted to theoretical models to find the desired properties. This 
technique is dependent on samples that do not absorb all the incoming light. Materials that 
absorb in the wavelengths measured by the instrument require more complex models to fit 
the data.  
 
3.2.2 UV-VIS-NIR spectroscopy 
As described earlier, light that is shone on to a material can either be reflected, transmitted 
or absorbed. The way a material interacts with light with varying wavelengths can give 
useful information about the material in question. Here the UV-vis-IR light is used. By 
doing UV-VIS-NIR spectroscopy on TCO materials it is possible to determine the optical 
band gap of the material using Tauc plots183 for the absorption around the fundamental 
absorption edge in the UV region. Absorption in the visible range can indicate impurities 
while the absorption/reflection in the near infra-red region gives an indication on the 
carrier concentration. This is also an important feature if the material is to be used as front 
contact on a solar cell that utilizes the NIR radiation.  
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3.3 Electrical Characterization 
When analysing a TCO material the electrical properties are as important as the optical. 
Simple resistivity measurements will easily determine whether the material is a suitable 
candidate as an electrode, while more complex measurements can give further 
understanding of the behavior of the material.  
 
3.3.1 Four-point-probe Measurements 
Four point probe measurements are used to characterize the resistivity of a bulk or thin 
film sample. By utilizing a four probe set-up the resistivity measured belongs to the film 
only and not being affected by the contact point which would have been the case for a set-
up with just two electrodes. Fig. 12 shows the set-up for a four point probe measurement. A 
current, I, is sent through the sample and the voltage, V, is measured as shown in Fig. 12. 
The specific resistivity for the sample can then be calculated.  
 
 
Fig 12 Schematic of 4-point probe configuration,  Picture adapted from Ref184.  
 
For the calculations some assumptions have to be made. The metal tip is infinitesimal and 
samples are semi-infinite in the lateral dimension. For bulk samples where the sample 
thickness t >> s, the probe spacing, it is assumed that a spherical protrusion of current 
emanate from the outer probe tips. The differential resistance (R) is given by equation 3.2: 
 
A
dxR U '          (3.2) 
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where U is the specific resistivity. A indicates a general area.  In the case of a thin film 
where t is much smaller than s, the current through the sample can be described as rings. 
The area can be described as equation (3.3): 
 
xtA S2          (3.3) 
 
The resistivity in the sample is then calculated from equation (3.2), which gives equation 
(3.4): 
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By using Ohm’s law, R=V/I, expression 3.4 can be generalized to equation 3.5 giving the 
specific resistivity of the film. 
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3.3.2 Van der Pauw and Hall measurements 
The conductivity in a semiconducting material is influenced by the mobility of the charge 
carriers and the carrier concentration (see equation 2.1). In the van der Pauw method the 
sheet resistance of the film is found, from this one can obtain the specific resistivity. By 
applying a magnetic field and measure the voltage that is built up (called Hall-voltage183) 
one can find the carrier concentration, if the thickness of the film is known. The method 
will also indicate whether the carrier concentration is dominated by holes or electrons. By 
measuring the specific resistivity and carrier concentration the mobility can be calculated 
using equation 2.1. (Note: V=1/U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3.4 Secondary Ion Mass Spectroscopy 
(SIMS) 
SIMS is a quantitative method to analyze concentrations, identify impurities and obtain 
depth profiles of atoms in a sample180. The instrument used in this work has a detection 
limit of 1013 – 1016 atoms/cm3 and depth resolution of 2.0 nm. In this method an ionic 
beam is rastered over the sample surface. The ion beam could be O2+ or Cs+. The type of 
beam selected is based on whether one wants to detect negative or positive ions. When the 
ions in the primary beam hit the material the surface is sputtered. This results in a second 
beam that is analyzed using for instance a magnetic sector as has been used in this work. 
To obtain doping concentrations standards are used to calibrate the instrument.  
 
3.5 Atomic Force Microscopy (AFM) 
As the name of the technique implies, it provides a surface topography by scanning the 
force (van der Waals) between a tip integrated on a cantilever and a surface. The tip is 
often made of silicon or silicon nitride with a width of ~10 nm. There are three main 
modes for AFM aquisition; contact mode, tapping or intermittance mode, and non-contact 
mode. Tapping mode has been used for most of the results acquired in this work. In tapping 
mode, the cantilever is set in resonant vibration, which is affected by the van-der-vaals 
forces between the tip and the surface as it approaches the sample surface. A topography 
image is acquired by scanning the tip over the surface while monitoring the resonant 
frequency. The technique is very suitable for obtaining direct information on topography 
effects such as surface roughness and crystallite features, however, one must bear in mind 
that the topography image is convoluted by the shape of the tip used185.  
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4 Present work – results and 
discussion 
This work has focused on three materials, namely ZnO, SnO2 and CuAlO2. The ZnO and 
SnO2 are well known n-type TCO materials and ALD processes for these materials have 
been reported by several other groups (see chapter 2.4.1 and 2.4.2). Our contribution has 
been to look into already known processes or study a new process to better understand the 
process and the resulting film material. The last material, CuAlO2, has not been deposited 
using ALD before. As part of the study to deposit the CuAlO2 a new process to deposit 
CuO has been studied. Depositions containing Cu-Y-O was done together with the Cu-Al-
O system in order to investigate the flexibility of this deposition system.  
 
4.1 ZnO 
Deposition of ZnO using ALD has been a small part of this work. Most of the work has 
been in collaboration with others. In this part some unpublished results related to analysis 
of impurities in the as-deposited films will be presented. The candidate has contributed 
with samples and XRD characterization for two papers, Refs.186, 187, which will be 
summarized below.  
 
4.1.1 Diethyl zinc (DEZ) 
ALD is referred to as a self-limiting process. The metal precursors are liquids or solid 
compounds and can be heated to reach a sufficient vapor pressure. If there are impurities in 
the precursor with a higher sublimation temperature they will not be transported to the 
reaction chamber in any significant amount. If the impurities have a sublimation 
temperature lower or similar to the precursor, the amount of transported impurity will be 
significant until the volume of impurities in the starting material diminishes.  Al-doping is 
typically used to obtain highly conducting ZnO films. The reaction between DEZ and H2O 
is the most commonly used process in ALD to deposit ZnO and is the process that has been 
used in this work. It was therefore interesting to see whether the Al content in the as-
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deposited films using two different diethyl sources varied. Two different DEZ precursors 
were tested to see if the Al content in the films varied. Diethyl zinc from EMF Speciality 
Chemicals and diethyl zinc for Cambrige Nanotechnology Inc. for ALD systems from 
Aldrich were tested. EMF informs that their product is Epipure and that the level of 
impurities is below 1 ppm. They claim that the main impurities are Sn, Si and Al. Aldrich 
informed that they have tested the purity with respect to the Zn content. And inform that 
the purity with respect to the metal content is 99.4%. They do not have any information 
related to what the impurities are. Based on this films deposited at 175 ºC were analyzed 
using SIMS, revealing that the major impurities are Al and Si. Since Al is supposed to be a 
good dopant quantitative analysis was performed. The Al content in the films varied 
between 1018 – 1019 atoms/cm3 for films deposited using the precursor from Aldrich to 1015 
atoms/cm3 for the precursor from EMF. However, it is important to note that the amount of 
Al in the films deposited using the precursor from Aldrich varied with one order of 
magnitude for different films using the same deposition parameters. Later studies has 
shown that the amount of Al in the films vary with respect to how much of the precursor 
has been used188. The precursor from EMF was used for the rest of the studies regarding 
deposition of ZnO.  
 
4.1.2 Heterojunction between ZnO and Si(100) and 
work function of ZnO 
ZnO is a potential candidate as a transparent electrode for optoelectronic devices. It can 
also form rectifying junctions with other semiconductors such as Si. Heterojunctions 
between ZnO and Si is of interest for photovoltaic applications. The performance of such a 
heterojunction is influenced by defects at the interface and formation of SiOx layer 
between the Si substrate and ZnO film. The electronic properties for ZnO/Si 
heterojunctions where the ZnO was deposited using ALD were studied. The films where 
deposited at 175 ºC using 1375 cycles and a growth rate of ~0.2 nm/cycle. The films were 
deposited on both n- and p-type Si(100). After deposition the films were annealed for 30 
minutes in air at varying temperatures from 200 ºC -  500 ºC. Fig. 13 shows the XRD data 
for the as-deposited and annealed ZnO samples.  
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Fig 13 XRD spectra of as-deposited and annealed ZnO films on Si(100). 
 
In Fig. 13 one can observe two peaks corresponding to the (100) and (002) reflections of 
ZnO in the Wurtzite structure. The lack of the (101) reflection at 2T = 35.3 º indicates that 
the ZnO layer is not randomly oriented, but has preferred orientation, in accordance with 
previous studies189. The peak at 2T = 32.9 º, corresponds to the (200) reflection of Si, it is 
visible here due to the high amount of silicon as compared to the ZnO film. The as-
deposited films show a more intense (100) peak compared to (002). However, by annealing 
the films, the ratio between the (100) and (002) peaks decreases, and at 300 and 400 ºC, the 
(002) peak is stronger than the (100) peak. This indicates a change in the preferred 
orientation from (100) to (002) along the c-axis. In addition, the full width at half 
maximum (FWHM) becomes narrower with heat treatment. There could be several causes 
for a change in FWHM; it can be influenced by stress in the film and by the size of the 
grain in the out of plane direction. A narrowing in the FWHM can indicate a larger grain 
size. Hence, the heat treatment up to 400 ºC could result in an improvement of the 
crystallinity along the c-axis, as indicated by the increase of the peak intensity and the 
smaller FWHM. However, heat treatment at 500 ºC results in a reduction of the (002) peak, 
which could indicate a degradation of the crystal orientation along the c-axis. 
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The electrical properties of the interface between the ZnO film and the Si substrate were 
investigated by deep level transient spectroscopy (DLTS), I-V and CV measurements to 
investigate the rectification properties of the junction. It was seen that for as deposited 
films electron traps, defects, exist at the interface. By annealing at 400 ºC one of the 
defects were removed and the rectification was improved. At higher annealing 
temperatures new defects were formed at the interface. Investigations using transmission 
electron microscopy (TEM) showed that a thin layer of SiOx separated the film and the Si 
substrate. The work function of the ZnO film was found to be 4.65 eV.  
 
4.2 SnO2 
Even though there are several reports on deposition of SnO2 by ALD, many of the 
processes face some challenges. Processes using halogenated precursors might need high 
deposition temperatures. If hydrogenated oxygen precursors are used, etching of the films 
might occur during deposition. The resulting films might also contain halides. 
Incorporation of halides and hydrogen if hydrogenated oxygen precursors are used can on 
the other hand contribute to better electrical properties in the resulting film. The use of 
precursors containing organic ligands can lead to contamination of carbon and nitrogen in 
the films, but these processes often take place at lower deposition temperatures. Taking all 
of these aspects into account we wanted to study deposition of SnO2 using SnI4 and O3 as 
precursor at temperatures below 300 ºC. Deposition at high temperature using this 
precursor combination has previously been presented by A. Tarre et. al. 190. 
 
Another important aspect for having a good SnO2 process is that due to the materials 
robustness and chemical stability it can be used as a buffer layer between film and 
substrate during high temperature annealing, such as we applied for annealing of the Cu-
Al-O films in paper III.  
 
4.2.1 ALD process 
The operational parameters for the process were determined. It was found that the growth 
follow the self-limited and linear growth expected by ALD. The process was tested from a 
temperature of 110 ºC where ALD growth was obtained.  Fig. 14 shows the growth rate as 
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a function of deposition temperature, including the results from A. Tarre et. al. Ref. 190. The 
x-ray diffractograms for the as-deposited films are shown in Fig. 15. 
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Fig 14 Growth rate as a function of deposition temperature for films grown on Si(111), based on 
250 cycles. Open squares are results taken from Aivar Tarre’s work in Ref 190. 
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Fig 15 X-ray Diffractogram of as-deposited SnO2 films on Si(100) substrates at different 
deposition temperatures indicated on the figure. SnO2 was identified using the PDF file 00-041-
1445. Crystal planes are indicated in the figure. 
 
Based on XRD data in Fig. 15 it seems that all films are amorphous except for the film 
deposited at 300 ºC. GIXRD measurements were also carried out for the sample deposited 
at 250 and 300 ºC. No peaks were observed for the sample deposited at 250 ºC. The 
surface roughness of the samples, as measured by AFM, increased with increasing 
deposition temperature from 0.25 nm at 110 °C to 0.9 nm at 300 °C. All films were 
deposited using 250 cycles. 
 
XRF analysis of the as-deposited films was carried out to see whether iodine was 
incorporated into the film during the deposition. Iodine was detected, but due to the small 
amount of sample, the uncertainty was too high to give any quantitative number. The 
detection limit for the XRF instrument used is 1 ppm, resulting in an iodine content below 
0.4 at%. 
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4.2.2 Electrical and optical properties of the as-
deposited SnO2 films 
Based on the XRD data it was important to identify how the crystallinity of the films 
affects the optical and electrical properties of the films. The absorbance spectra, Fig. 16, 
show that the films are almost identical even though they are deposited at different 
temperatures and regardless of whether they are crystalline or not. The absorbance (A) was 
obtained by measuring the transmittance (T) and the specular and diffuse reflectance (R) of 
the samples. A can then be calculated using equation 4.1: 
 
ͳͲͲ ൌ ܶ ൅ ܴ ൅ ܣ        (4.1) 
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Fig 16 UV-vis-NIR spectra of films deposited at a deposition temperature of 110, ºC 150 ºC, 200 
ºC and 300 ºC using 250 cycles. Absorbance obtained by measuring transmittance and reflectance. 
 
Since reflectance and transmittance was measured, one can create Tauc plots for the data 
obtained close to the fundamental absorption (peak around 300 nm). The Tauc plots and 
estimated optical band gaps are shown in Fig. 17. 
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Fig 17 (left) Tauc plots of films deposited at 110, ºC 150 ºC, 200 ºC and 300 ºC using 250 cycles. 
Linear curve fitting with extrapolation to the x-axis is shown. (right) Optical band gaps are 
obtained from Tauc plots (left). Open square represents the second linear area seen for the film 
deposited at 300 ºC.   
 
The Tauc plots indicate that the optical band gap of the SnO2 films decrease with 
increasing deposition temperature. However, for the film deposited at 300 ºC it is possible 
to fit two linear curves to the Tauc plot. The decreasing band gap with increasing 
deposition temperature has also been reported for other SnO2 processes using ALD, but 
they report that the band gap is indirect103.  
 
The electrical properties of the films were characterized by Hall measurements at room 
temperature. It was only possible to measure the samples deposited at 200 ºC and above, 
which had a resistivity of 9 : cm, close to the limit of what could be measured. Therefore, 
the mobility and carrier concentration for this measurement is not included. The resistivity 
is, however, mentioned to show that for deposition temperatures of 200 ºC and below the 
resistivity of the films is high. Table 3 shows the values obtained for a sample deposited at 
250 and 300 ºC. Both measurements indicated n-type conductivity in the SnO2 films. The 
carrier concentration in this process is lower than what has been seen for as-deposited films 
using SnCl4 and H2O52. One explanation for this could be that no hydrogen is incorporated 
in the film during deposition. In the process using Sn(tbba) and H2O/H2O2 the carrier 
concentration is higher than in our films, however, the mobility is lower108, 110. It was, 
however, not expected that the sample deposited at 250 ºC would have similar electrical 
properties as the film deposited at 300 ºC since it seems to be amorphous based on the 
XRD data. One explanation for the increased mobility for the sample deposited at 250 ºC 
could be that the conductivity was dominated by conduction along the grain boundaries, 
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however, previous experiments have proven the opposite, that the conductivity is typically 
reduced due to grain boundaries19, 58. 
 
Table 3: Resistivity, carrier concentration and mobility Obtained from Hall measurements.  
Deposition 
temperature  
(ºC) 
Resistivity 
(: cm) 
Mobility 
(cm2/Vs) 
Carrier 
concentration 
(cm-3) 
250 7.3.10-3 37 2.1019 
300 7.1.10-3 17 5.1019 
 
As a summary, thin films of SnO2 can be deposited down to a substrate temperature of 110 
ºC. However, the electrical properties are strongly dependent on the crystallinity of the 
films.  
4.3 Cu-M-O (M=Al and Y) 
CuAlO2 and CuYO2 both have the delafossite type structure and are potential candidates as 
p-type TCO materials. CuAlO2 was the first material discovered171 and is widely studied, 
while CuYO2 has received less attention153. A reason for this could be the more 
complicated synthesis route.  In order to study the Cu-M-O (M=Al or Y) using ALD a new 
process to deposit CuO was found and  combined with known processes for deposition of 
Al2O3 and Y2O3. The samples with the correct stoichiometry were annealed to attempt to 
obtain the delafossite type structure.  
 
4.3.1 Deposition of CuO 
A new process for deposition of copper(II) oxide, CuO, was studied in order to obtain 
better insight into its chemistry. Copper acetylacteonate, Cu(acac)2, was tested with H2O 
and with O3. O3 was found to react with Cu(acac)2 in an ALD manner providing self-
limiting and linear growth. Fig. 18 shows the temperature window for the Cu(acac)2 and O3 
process. 
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Fig 18 Growth rate as a function of deposition temperature for films grown on Si(111) with a size 
of 4 x 4 cm2 using Cu(acac)2 and O3 for 1000 cycles 
 
Films with a uniform thickness were obtained up to temperatures of 230 ºC. The 
temperature range from 140 – 230 ºC is in the same range as many other ALD processes 
such as TMA and H2O/O3 to make Al2O3 deposition and Y(MeCp)3 and O3 for Y2O3 
deposition. The as-deposited films of CuO were all crystalline as shown by the 
diffractograms in Fig. 19.   
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Fig 19 X-ray diffractogram of films deposited on Si(100) substrates at various temperatures with 
2500 cycles. 
 
XPS analysis of the as-deposited films were carried out for films deposited at 160, 200 and 
230 ºC to analyze the oxidation state of copper on the surface. It was found that the 
samples only contained Cu2+. 
 
Compared to previous work using copper containing precursors (see Chapter 2.5.3), the 
Cu(acac)2 and O3 process seems to be a robust process covering a larger temperature 
window.  
 
4.3.2 Deposition of Cu-Al-O and Cu-Y-O films 
Mixing copper oxide with the known ALD processes for Al2O326 or Y2O3191 was performed 
at 200 ºC since all processes work at this temperature. The operational parameters for the 
processes used are shown in Table 4. Note that SnO2 was used as a buffer layer for some of 
the Cu-Al-O films.  
 
 
  
45 
 
Table 4: Materials, precursor combinations, deposition parameters, and obtained growth rate at a 
deposition temperature of 200 ºC 
Material Precursors/process Pulse- and  
purge scheme 
(s) 
Metal precursor  
temperature 
(ºC) 
Growth rate 
(nm/cycle) 
CuO Cu(acac)2 + O3 3-1-3-3 140 0.038 
Al2O3 TMA + O3 0.2-1-3-5 RT 0.115 
Y2O3 Y(MeCp)3 + H2O 3-2-2-4 140 0.15 
SnO2 SnI4 + O3 3-3-3-3 75 0.17 
 
The first step in obtaining the correct stoichiometry is to vary the pulsing scheme for the 
binary oxides when mixing the oxides. The series of samples can then be analyzed by XRF. 
Fig. 20 and Fig. 21 show the mixing of CuO and Al2O3 and CuO and Y2O3, respectively. 
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Fig 20 Cationic Cu composition of deposited material as function of % of Cu-O sub-cycles in the 
[TMA/O3 + Cu(acac)2/O3] system (square symbols).  The experimental data is compared  with a 
model based on individual growth rates (solid line) and model based on surface  utilization34 
optimized with a u-value of 0.12 (dotted line). 
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Fig 21 Cationic Cu composition of deposited material as function of % of Cu-O sub-cycles in the 
[Y(MeCp)3/H2O + Cu(acac)2/O3] system (symbols). The experimental data is compared  with a 
model based on individual growth rates (solid line) and a model based on surface  utilization34 
optimized with a u-value of 0.195 (dotted line). 
 
For both systems the surface utilization concept (described in chapter 2.4.1) was used. The 
model was initially used to predict the correct pulsing ratio between the copper oxide and 
the aluminum oxide or yttrium oxide. Before fitting the model to the experimentally 
obtained data it is only based on the individual growth rates of the binary oxides (actual 
and relative growth rates are given in Table 5). For the mixing of Cu and Al, a pulsing ratio 
of 3:1 was expected to give equimolar amounts of Cu and Al in the films. For the Cu and Y 
process, a pulsing ratio of 4:1 was expected. As can be seen in Fig. 20 and Fig. 21 this was 
not correct. The model was fitted to the experimentally obtained XRF data revealing that a 
pulsing ratio of 8.3:1 of Cu:Al was required to obtain almost equimolar composition in the 
film, while for Cu and Y a ratio of 5:1 was sufficient to achieve the correct composition.  
 
Based on these findings it was interesting to look deeper into the growth rates for the 
systems when the binary processes were combined. The fitted u-value for the systems 
makes it possible to propose some assumptions on how the processes influence each other. 
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Fig. 22 shows the thickness of the film as measured by XRR against the Cu-O sub-cycle 
(%).  
 
Table 5: Calculated and modified u-values based on the XRF data, and new growth rates calculated 
from the modified u-values. U-values are calculated using Equation  (2.5).  
System Binary Oxide 
Growth rate 
(nm/cycle) 
(XRR) 
u-value 
obtained 
from 
individual 
growth rates34 
Modified 
u-values 
based 
on XRF 
data 
New 
growth rate 
(CuO 
not 
changed) 
New growth 
rate (Al2O3 not 
changed) 
C
u-
A
l-O
 Al2O3 0.115 1 1 0.316 0.115 
CuO 0.038 0.33 0.12 0.038 0.014 
C
u-
Y
-O
 Y2O3 0.15 1 1 0.195 0.15 
CuO 0.038 0.25 0.195 0.038 0.029 
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Fig 22 Growth rate as function of % of Cu-O sub-cycles in the a) [TMA/O3 + Cu(acac)2/O3] and b) 
[Y(MeCp)3/H2O + Cu(acac)2/O3] systems as measured by XRR (open circles) and compared to a 
model based on individual growth rates (black solid line). Dashed and dotted lines are based on 
new growth rates obtained by using the model of surface utilization to fit to the XRF data. Values 
are given in Table 5. 
 
Together with the actual growth rate measured by XRR, theoretical growth rates are 
calculated based on the individual growth rates of the binary oxides, and also based on new 
growth rates from the fitted u-value. As can be seen from Fig. 22 the growth rate of the two 
systems is higher than what would be expected from the individual growth rates for the 
binary oxides. The relative growth rate (uCu) is reduced for both systems. A reduction of 
uCu can indicate two things: either the growth rate of CuO is decreased, or the growth rate 
of Al2O3/Y2O3 is increased. However, a decrease in the growth rate of CuO while the 
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growth rate of the other oxide is unchanged would lead to a lower overall growth rate for 
the system. Therefore it is more likely that the growth rate of Al2O3 or Y2O3 is increased. 
An increase in the growth rate of Al2O3 and Y2O3 when combined with CuO would also 
explain why a higher Cu-O sub-cycle % is needed to obtain the right composition. This 
trend is more pronounced for the Cu-Al-O system than for the Cu-Y-O system.  
 
4.3.3 CuAlO2 
A Cu-Al-O film with a small surplus of copper was deposited on quartz wool that had been 
pre-coated with a buffer layer of SnO2. After deposition the sample was black due to 
presence of CuO. It was then subsequently annealed in N2 at 1050 ºC for 4h, changing the 
color to red due to the conversion of CuO to Cu2O. The sample was analyzed using SXRD, 
spectra shown in Fig. 23. 
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Fig 23 Growth X-ray diffractogram based on synchrotron radiation (O = 0.6965 Å) of a Cu-Al-O 
film with composition of 53% Cu and 47% Al (given by XRF) deposited on quartz wool pre-
coated with SnO2. The sample was annealed in N2 atmosphere for 4h at 1050 ºC, and quenched to 
room temperature. The phases were identified according to the PDF files: CuAlO2 (35-1401), 
Cu2O (5-0667) and SnO2 (41-1445). 
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The desired CuAlO2 phase was formed. Another experiment was carried out where the film 
was deposited on D-Al2O3. The diffractogram is shown in Fig. 24. When the film was 
deposited on D-Al2O3 delafossite was again formed. There was, however, a small amount 
of CuAl2O4 present in the film (note logarithmic y-scale). This could be due to reaction 
between the film and the substrate.  
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Fig 24 X-ray diffractogram of Cu-Al-O film with composition of 49% Cu and 51 % Al (given by 
XRF) deposited on D-Al2O3(00l) ; note logarithmic scale. The sample is annealed in N2 for 4 h at 
1050 ºC, and quenched to room temperature. The phases were identified according to the PDF 
files: D-Al2O3 (46-1212), CuAl2O4 (33-0448) and CuAlO2 (35-1401). 
 
Electrical measurements of the CuAlO2 sample deposited on D-Al2O3(001) was attempted 
after annealing, however, the resistivity was too high (> 1 M:cm) for suitable 
characterization. 
 
4.3.4 Cu-Y-O 
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Figure 25 show X-ray diffractograms of Cu-Y-O film deposited on D-Al2O3(001). The 
sample was annealed in N2 for 4 h at 1025 ºC whereby YAlO3 is formed. It was not 
possible to identify any copper containing compounds in the observed pattern.  
 
 
 
 
Fig 25 X-ray diffractogram of a Cu-Y-O film with composition 47 cat% Cu and 53 cat% Y (given 
by XRF) deposited on D-Al2O3(001) and annealed in N2 atmosphere for 4 h at 1025 ºC. The phases 
were identified using the PDF files: D-Al2O3 (46-1212) and YAlO3 (33-0041). 
 
Film deposited with the same composition on other substrates were also annealed and 
analyzed. However, these experiments did not result in films that gave any recognizable 
phases when analyzed by XRD.   
 
We were able to make films of CuAlO2 having the delafossite type structure, however, 
electrical characterization of the films were not possible due to the high resistivity of the 
films.  
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5 Concluding remarks and 
future work 
The main focus of this work has been on three TCO materials; ZnO, SnO2 and especially 
CuAlO2 with the delafossite type structure.  
 
The work related to deposition of ZnO focus on the precursors used and whether they 
themselves are a source for impurities in the film, especially with respect to Al content. It 
was evident that even relatively high purity precursors commercially sold for ALD 
deposition contain enough Al to lead to significant Al-doping in the deposited films. The 
level of impurity is not easily controlled if the purity grade of the precursor is not 
especially high. Related to this work the heterojunction between the film and the Si 
substrate was studied. This is important if ZnO is to be used as a transparent electrode for 
solar cells. It was seen that the junction was improved by annealing the film at 400 ºC.  
 Low temperature deposition of SnO2 was achieved by reacting SnI4 and O3. The lowest 
deposition temperature was 110 ºC and the resulting films were amorphous below 
deposition temperatures of 300 ºC. The amorphous films showed poor electrical 
conductivity while the film deposited at 300 ºC showed specific resistivity of 7.1.10-3 : cm, 
carrier concentration of 5.1019 cm-3 and a mobility of 17 cm2/V.s. A deposition temperature 
of 300 ºC might be too high for some industrial processes.  
In order to deposit films in the Cu-M-O (M=Al or Y) system a process to deposit CuO was 
studied using copper acetylacetonate, Cu(acac)2, and O3. This process was found to give 
uniform films following the self-limiting growth of ALD in a temperature range of 140 – 
230 ºC with a growth rate of ~0.038 nm/cycle. The films were crystalline adopting the 
tenorite structure.  
Good control of stoichiometry was achieved when mixing CuO with Al2O3 or Y2O3. Films 
having the delafossite oxide type structure were obtained by high temperature annealing of 
films containing Cu and Al. Electrical measurements were unfortunately not possible due 
to the low electrical conductivity of these films. The high annealing temperature required 
would not be suitable for industrial application. However, the good control of 
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stoichiometry makes the atomic layer deposition process suitable for producing and 
studying such complex oxides.  
For further work it would be interesting to investigate whether it would be possible to 
induce defects in the CuAlO2 films to enhance the electrical properties. Since ALD is a 
good technique to deposit complex oxides and TCO materials it would be useful and 
highly interesting to develop routes to deposit other oxides and oxychalcogenides reported 
in literature to have p-type conductivity. 
In the search for transparent electrodes to either replace ITO or to facilitate new 
applications there are several possibilities reported in the literature. For n-type TCO’s the 
main focus is still on doping of SnO2 and ZnO or mixing of the three well-known TCO’s 
SnO2, ZnO and In2O3. Another important oxide system is niobium (Nb) or tantalum (Ta) 
doped TiO2192, 193. Doped TiO2 have gained interest due to its chemical stability and low 
resistivity. The drawback is the high process temperature193. Finding a good p-type TCO 
remains still challenging12. Other strategies to create transparent electrodes include  
multilayered structures with metallic layers in between dielectric oxides194. Much attention 
is also given to graphene, that some say might be the new disruptive technology to replace 
materials used today195.  
Graphene has outstanding properties such as high conductivity and charge carrier mobility. 
It has a transparency > 90% and it is chemically inert and has low permeability towards 
gases. It has a bendability below 5 mm195, 196. for typical flexible devices the bendability of 
the TC material should be below 1.5 cm194. The multilayered structures are also good 
candidates to be used as TC materials on flexible substrates, however, they do tend to have 
lower transparency194. ITO has good transparency and conductive properties that would be 
advantageous on flexible substrates and on organic based devices. However, the material is 
brittle and it can degrade in contact with organic materials194. For graphene and other 
technologies to take over for the traditional TCO materials there are several challenges to 
overcome such as low-cost production and higher material quality193, 195, 196. 
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